Biofortification is an agricultural process that attempts to increase the iron and zinc content of staple food crops. Improving the absorption of zinc and iron could contribute to reducing the high rates of deficiency of these micronutrients in developing-country settings.
Introduction
Iron and zinc have important roles in many metabolic and physiological processes [1] . Deficiencies in these nutrients are associated with impaired development, impaired immune function, and increased risk of infant and young child mortality [2] [3] [4] [5] [6] [7] [8] . During pregnancy, iron and zinc deficiencies are associated with premature birth, hypertension, impaired fetal development, low birth weight, and increased risk of maternal and neonatal death [7, [9] [10] [11] [12] .
Globally, iron and zinc deficiencies are among the most important contributors to the burden of disease in low-income countries [13] . In Mexico, the prevalence of anemia (hemoglobin concentration < 11.0 g/dL in preschool children and < 12.0 g/dL in nonpregnant, nonlactating women of childbearing age) was 23.7% among preschool children and 15.5% among nonpregnant, nonlactating women of childbearing age [14] . Iron deficiency (percent transferrin saturation < 16%) was reported in 48.1% of preschool children and 40.5% of nonpregnant, nonlactating women of childbearing age [15] . Zinc deficiency (serum zinc concentration < 65 µg/mL) was reported in 34% of preschool children and 30% of nonpregnant, nonlactating women of childbearing age. One of the major causes of iron and zinc deficiency is insufficient intake of these nutrients in bioavailable form from the diet [16] [17] [18] [19] . Despite efforts to improve micronutrient status by supplementation or fortification, high rates of micronutrient deficiencies still persist in developing countries [20] . In 2003, a program was initiated under the auspices of the Consultative Group for International Agricultural Research with the objective of improving micronutrient status among the rural poor by breeding major staple foods with higher contents of micronutrients, including iron, zinc, and provitamin A [21] . This strategy, known as biofortification, takes advantage of the fact that a few staple foods are the major source of energy for the world's population. This strategy has the potential to be sustainable over the long term, is of relatively low cost compared with other micronutrient interventions, and is a feasible means of reaching rural population groups that do not have access to centrally processed fortified foods [20] .
To help justify this strategy as a viable micronutrient intervention, it is useful to simulate the potential impact of biofortification on the adequacy of iron and zinc intakes of potential target populations. The objective of this study was to model the effect of zinc and iron biofortification of maize, wheat, rice, and beans on the adequacy of intake of iron and zinc among women and preschool children in Mexico, while taking into account the estimated bioavailability of dietary iron and zinc in the Mexican diet. This objective was achieved with the use of dietary intake data from the Mexican National Nutrition Survey of 1999 (NNS-99) [22] . A further objective was to compare the simulated impact of biofortification on different population subgroups in Mexico according to region and urban or rural residence.
Methods
A simulation analysis was carried out using the Mexican NNS-99 dietary intake database. The survey was designed to be representative of the nation, its four main regions (North, Central, South, and Mexico City), and rural and urban areas. The probabilistic population sample consisted of 1,055 preschool children under 5 years of age and 2,252 nonpregnant, nonlactating women of reproductive age (12 to 49 years). The survey methods have been described in detail previously [22, 23] . The simulation was based on the determined intakes of iron and zinc and the staple foods of interest (maize, wheat, rice, and beans). We simulated how much additional iron and zinc would be obtained from the same diet if the content of iron and zinc in those staple foods was increased by biofortification.
Dietary intakes
Information on dietary intakes was collected by a 24-hour recall method, applied by trained personnel [24] . When possible, portion sizes of real foods consumed on the day recalled were weighed directly on scales. Otherwise, portion sizes were estimated with the use of typical household measures of standard volume (e.g., cups, tablespoons, teaspoons). The person in charge of feeding the household was interviewed about the foods and amounts prepared and consumed by the selected individual(s) at each meal and between meals. The food-composition table used to determine dietary intakes was compiled by the National Institute of Public Health from a variety of sources [25] . The amount of heme iron intake was estimated on the assumption that 40% of all iron in meat, fish, and poultry is heme iron [26] . All foods captured as composite dishes in the database were segregated according to ingredients to determine their heme iron content.
Intakes of maize, wheat, rice, and beans
We quantified the dry weight equivalent intake for each individual of all maize, wheat, rice, and beans listed as individual foods or as ingredients in composite dishes. For cooked foods and composite dishes, we used existing standard recipes compiled for the NNS-99 or information from package labels to estimate the dry weight equivalent content of these staple foods.
Increment in zinc and iron intakes resulting from biofortification
To model the impact of biofortification on total zinc and iron intakes, we used some initial estimates of the amount of additional zinc and iron intake that could be achieved through conventional, selective breeding over a relatively short period of time for whole-grain maize and wheat, polished rice, and whole beans, as stipulated by breeders in the HarvestPlus program (table 1). We also took into account the losses of zinc and iron attributable to different extraction rates typically used for refined maize and wheat. The additional intake of zinc and iron resulting from biofortification plus the original amounts of zinc and iron intake were determined for each of the four staple food crops.
Amounts of zinc and iron absorbed
To estimate the amount of zinc absorbed in the original and simulated biofortified diets for each individual, we applied an equation developed by the International Zinc Nutrition Consultative Group (IZiNCG) [19] . This equation takes into account the total daily zinc intake and the phytate:zinc molar ratio of the diet, calculated as (phytate, mg/660, MW phytate)/(zinc, mg/65.4, MW zinc). Because this equation can only be applied directly to adults [19] , it was adjusted before application to children's diets. The total dietary zinc intake entered into the equation was multiplied by a factor equivalent to the magnitude of the difference between the physiological requirement for zinc of children 1 to 3 years of age and 4 to 6 years of age and the mean physiological requirement of adult men and women [19] . On the bases of these differences, the zinc intakes of children 1 to 3 and 4 to 6 years of age were multiplied by 4.3 and 2.75, respectively, before entering them in the algorithm. The fraction of bioavailable zinc derived from the equation was then multiplied by the women's and children's actual (or simulated) zinc intakes to obtain the amount of zinc absorbed per day.
To estimate the amount of iron absorbed in the original and simulated biofortified diets, we applied the algorithm reported by Bhargava et al. [27] , which takes into account the content of dietary factors that either inhibit or enhance iron absorption for different amounts of body iron reserves. We assumed moderate body iron stores for women (250 mg) and no stores for preschool children. These amounts are appropriate for populations with high rates of iron deficiency, as in Mexico. This algorithm was considered the most adequate, since others only assume adequate body iron stores or do not take phytate into account as an inhibitor of iron absorption [28, 29] . We have also previously shown that the amount of iron absorbed in the diet of preschoolers in the NNS-99, as determined by this algorithm, is significantly associated with hemoglobin concentration [30] . The Bhargava algorithm also adjusts for the intake of promoting factors (vitamin C and meat) and inhibiting factors (phytate) at each individual meal time. The percentage of bioavailable iron derived from the equation was applied to the total amount of nonheme iron absorbed and added to the amount of heme iron absorbed (on the assumption that 28% of heme iron is bioavailable) [27, 31] to derive the total amount of iron absorbed per day for each individual.
Estimation of the prevalence of absorption of inadequate amounts of zinc and iron
We applied as a cutoff for adequacy the physiological requirements for absorbed iron of Mexicans [32] and for absorbed zinc according to international use [19] for each age and physiological status group, as appro-priate: for preschoolers 1 to 3 years of age, 0.54 mg of iron per day and 0.53 mg of zinc per day; for children 4 to 5 years of age, 0.87 mg of iron per day and 0.83 mg of zinc per day; for nonpregnant, nonlactating women 12 to18 years of age, 1.25 mg of iron per day and 1.98 mg of zinc per day; and for nonpregnant, nonlactating women 19 to 49 years of age, 1.20 mg of iron per day and 1.86 mg of zinc per day.
Given that we only have 1 day of intake data per person in the survey, the true distributions of usual intakes of zinc and iron adjusted for intra-individual variation are not known. Therefore, for the purpose of this analysis, we assumed that the width of the various age-group-specific distributions of intakes was based on a coefficient of variation of 25% for zinc and 27% for iron. The coefficient of variation for zinc intake distributions was derived from information on the width of adjusted intake distributions from other populations, as summarized recently [33] ; the coefficient of variation for iron intake distributions was determined from information on iron intakes by Mexican children 1 to 2.5 years of age [34] .
Applying the assumed coefficient of variation of the intake distribution to the mean subgroup intake of either the actual intake (baseline) or the intake with simulated biofortification, we estimated the percentage of the population with amounts of absorbed zinc below the mean physiological requirement; this was considered the prevalence of inadequate intakes. Because the requirement distribution for absorbed iron is skewed to the left, particularly for premenopausal women but also for children, this cutoff method is not considered to be valid for estimating the prevalence of inadequate iron intakes (35) . However, for the purpose of comparison, we used the cutoff method to explore the effect of biofortification on the prevalence of adequate iron absorption.
In a similar manner, we determined the percentage of the population with total zinc [19] or iron [36] 
Statistical analysis
The dietary simulations were performed with the use of Excel 2003 and SPSS 13.0 for Windows. The prevalence rates of dietary intakes of iron and zinc below the physiological requirements and above the upper tolerable intake level for these nutrients were determined by a cumulative distribution function (CDF.NORM) in SPSS. The mean amounts of iron and zinc absorbed were compared between rural and urban residences by a t-test and among the four regions by analysis of variance (ANOVA), followed by Bonferroni post hoc analysis. For all comparisons, p < .05 was considered to indicate statistical significance. Expansion factors were calculated for the sample used in the analysis to take into account the population distribution and maintain representativity at the national and regional levels and to improve the estimators shown here. The probabilistic design of the survey was controlled for by using the SVY module of Stata, version 9.2.
Results
Included in this analysis were data from a sample of 1,055 preschool children 1 to 5 years of age, representing 10,462,736 children in the population, and a sample of 2,252 women 12 to 49 years of age, representing a population of 24,678,370 women. Of the children, 54.2% were male, and of the women, the majority (83.3%) were between 19 and 49 years of age. The total intake of the three cereals and beans in dry weight was 39.1 g per day for preschool children, of which 70% was maize. The total intake for women was 104.1 g per day, of which 82% was maize ( fig. 1) . These intakes represented 14.5% and 24.9% of the total reported energy intake for preschool children and women, respectively. For both women and children, the intake of each of the staple food crops was significantly greater in the rural than in the urban areas ( fig. 1) .
Biofortification of all four staple foods was estimated to add 1.15 mg of zinc and 0.65 mg of iron per day to the preschoolers' diets and 1.61 mg of zinc and 2.98 mg of iron per day to the women's diets. However, because the intake of rice was low in these groups and its contribution to total zinc and iron intakes was low, the results from the simulations with rice are not considered further.
According to the original survey data, the amount of zinc absorbed was significantly higher in urban than in rural areas for both preschool children and women (table 2). Significant regional differences occurred only among children, for whom the amount of zinc absorbed was highest in Mexico City and lowest in the Southern region. After the simulated biofortification of staple foods, the increase in the amount of zinc absorbed was greater among those living in rural areas than among those living in urban areas and greater among those living in the Southern region than among those living in other regions. Among women, the simulated biofortification of maize and beans resulted in the absorption of significantly higher amounts of zinc in the Southern and Central regions than in the Northern region and Mexico City. Among children, simulated maize and bean biofortification resulted in amounts of absorbed zinc in the Southern region that were no longer significantly lower than the amounts in the Northern or Central regions, as was the case at baseline. Among both women and children, however, the amount of absorbed zinc was still significantly higher in urban than in rural areas after simulated biofortification. Simulated biofortification had a significant impact on the prevalence of absorption of inadequate amounts of zinc, which was greater in rural than in urban areas. In rural areas, simulated biofortification of maize resulted in a reduction in the prevalence of absorption of inadequate amounts of zinc of 47% in children and 56% in women ( fig. 2) . For biofortified maize and beans, the prevalence decreased by 17 percentage points among rural preschoolers and by 29 percentage points among rural women. Although the greatest reduction occurred with maize and beans, it was largely accounted for by the biofortification of maize. We also observed that the reductions were greater among children 4 to 5 years of age than those 0 to 3 years of age and among women 12 to 18 years of age than among women 19 to 49 years of age (data not shown).
According to the original survey data, the amount of iron absorbed was significantly higher among urban than rural residents (table 3). The amount of iron absorbed by preschoolers was significantly lower in the Southern region, but there were no significant regional differences among the women. After simulated biofortification, the increase in the amount of absorbed iron was very small, and for all staple foods, the intakes remained higher among urban residents. In the case of preschool children, only the simulated biofortification of maize and beans resulted in the amount of iron absorbed no longer being significantly lower in the Southern region than in other regions. The maximum increase in the amount of absorbed iron was 0.04 mg per day for preschool children (rural residents with biofortified maize and beans ) and 0.06 mg per day for women (Southern residents with biofortified maize and beans ).
The baseline prevalence of absorbed amounts of iron below the physiological requirement was 100% for preschool children and women in all age groups (data not shown), regardless of location. No differences in the estimated prevalence of absorption of inadequate amounts of iron were observed for either preschool children or women, for any of the biofortified staple foods, in rural or urban areas, or in any region.
For zinc, the only groups in the analysis that had total zinc intakes above the upper tolerable intake level after simulated biofortification were those for maize and for maize and beans, where 3% and 7% of children, respectively, had simulated intakes above the upper tolerable intake level. Simulated zinc intakes among women did not exceed the upper tolerable intake level with biofortification. There were no intakes of total iron above the upper tolerable intake level for any of the biofortified foods.
Discussion
In this analysis, the simulated impact of the biofortification of maize with additional amounts of zinc and iron resulted in a significantly decreased prevalence of absorption of inadequate amounts of zinc, but not of iron, in a nationally representative sample of preschool children and women in Mexico. Most of the improvement in the adequacy of zinc intakes was attributed to the effect of biofortification of maize, the major staple food in this population, with minor additional reductions in inadequacy when beans, wheat, and rice were also considered. With maize alone, the reduction in the prevalence of inadequate zinc intakes was highest among rural residents, where the prevalence was reduced by 46% among preschool children and 56% among women. The potential impact of these biofortified staple foods on the adequacy of zinc and iron intake when they are consumed will depend on several factors: the amount of staple food consumed per day, the level of increase in zinc and iron content that is achievable through selective breeding, the type and degree of processing of these staple foods before consumption (e.g., whole grain vs. refined flour), and the bioavailability of zinc and iron in the diet. These factors are therefore considered in the interpretation of the results.
Although the assumed increment in zinc content of biofortified maize grain was less than that for wheat and beans (table 1), this was outweighed by the larger daily intake of maize and the fact that most maize consumed is of high extraction rate (i.e., unrefined), thus minimizing losses of zinc due to milling. Maize alone contributed 10.7% and 20.4% of the total energy intakes among Mexican preschool children and women, respectively. Not surprisingly, rural residents had significantly higher intakes of maize and beans, traditional Mesoamerican foods, than urban residents. Thus, maize would appear to be the most important staple food vehicle for delivering additional micronutrients in this population, particularly among rural residents, who have a much higher prevalence of inadequate zinc intake than their urban counterparts.
The bioavailability of zinc, in general, is higher than that of iron. For example, in this data set, the average bioavailability of zinc was 22% and 33% among children and women, respectively, which are considered to be average values [19] , whereas the values for iron were estimated as only 6.0% and 4.3%. Therefore, only a small fraction of the additional iron that could be derived from biofortification would be expected to be absorbed, and the contribution to daily iron requirements would remain small. A recent analysis using data from NNS-99 [30] showed that the amount of bioavailable dietary iron, as estimated by the same algorithm as that used in the present study [27] , but not total dietary iron, was significantly associated with hemoglobin concentration among preschool children. However, Beard et al. [37] recently suggested that the Bhargava equation, among others, systematically underestimated the percentage of bioavailable iron in the diets of Filipino women as compared with that predicted from a biological response to rice biofortified with iron. Rodriguez et al. [30] also estimated the amounts of iron absorbed by Mexican preschool children using equations by Reddy et al. [38] and Monsen et al. [31] , but the overall results were similar. Although it does appear important to consider iron bioavailability when assessing dietary adequacy [30] , it is possible that the absolute level of bioavailability is underestimated. Therefore, until more accurate methods of estimating iron bioavailability at the population level are available, it will be difficult to predict the effect of biofortification on the adequacy of bioavailable iron intakes.
In contrast to maize, biofortified wheat, rice, and beans did not contribute importantly to the reduction in inadequate zinc intakes in this simulation. Rice was consumed in too small quantities; even a substantially larger increment in zinc or iron content could not have had much effect on the adequacy of intakes. Although more wheat was consumed than rice, most wheat consumed was in refined form, and a large portion of the zinc and iron added by biofortification would be lost (table 1). It is possible that as the biofortification breeding program advances, the additional amounts of zinc and iron achievable will increase in all of these crops. Nonetheless, the benefits of biofortified rice and wheat may best be realized in populations where the contribution of rice and wheat to total daily intakes is greater, such as in South Asia and South East Asia.
The extent to which the zinc content of seed crops such as maize and wheat can be increased without concurrently increasing the content of phytate still requires study. Although there is a significant (p < 0.05) correlation between the content of phosphorus and zinc (and other minerals) in seed crops such as maize and wheat [39] , not all phosphorus in the grain products is present as phytate [40] . Mineral content does not appear to be consistently affected in low-phytate maize mutants [41] , which suggests that mineral and phytate content may not be inextricably linked.
Nonetheless, the benefits of biofortified rice and wheat may best be realized in populations where the contribution of rice and wheat to total daily intakes is greater, such as in South and South East Asia.
On the basis of currently accepted upper tolerable intake levels for zinc, there is minimal risk that the estimated levels of zinc achievable in the short term from biofortification would result in increased toxicity. Even with greater increases in dietary zinc, it is unlikely that the risk of adverse outcomes would be great. Since the upper tolerable intake levels for zinc were determined from studies using zinc supplements [19] , and the absorption from zinc supplements is generally higher than that from dietary sources, it is probable that upper tolerable intake levels determined for dietary zinc sources would be higher. It is necessary to establish upper tolerable intake levels for zinc based on dietary zinc sources.
There are several limitations to the present analyses, and caution should be used in their interpretation. First, it is likely that some degree of underreporting of energy intake occurred in the dietary intake survey of NNS-99 [42] . It is thus possible that the estimated intakes of zinc and iron at baseline are underestimates of true intakes and that hence the prevalence rates of inadequate intakes are overestimated. On the other hand, if staple food intakes were underreported, as indicated previously for this population [43] , then the potential impact of biofortification on the adequacy of zinc or iron intakes may have been underestimated. Second, because the NNS-99 provided only 1 day of intake data for each participant, the true distribution of zinc and iron intakes could not be known, and estimates of the width of this distribution were used. The estimated prevalence of inadequate intakes is clearly affected by the width of the distribution. However, even if the assumed coefficient of variation of the distribution of intakes of zinc and iron varied by ±10 percentage points, the general conclusions of the simulation analysis would not have changed. For example, if the true coefficient of variation of the intake distribution for zinc were 35% instead of the assumed 25%, the prevalence of inadequate zinc intake among rural preschoolers would have been 33% at baseline and 23% with maize biofortification, representing a similar magnitude of reduction (i.e., a reduction of 10 percentage points vs. 13 percentage points when the coefficient of variation is assumed to be 25%). Finally, it is acknowledged that the algorithm used to estimate the amount of zinc absorbed from the diet is not necessarily valid for use among children [19] . At present, there are insufficient data from studies of zinc absorption from total diets carried out directly in children to develop algorithms for this age group.
Another important consideration in the interpretation of these results and consideration of the biofortification strategy is that not all staple foods consumed are produced in-country. For example, data from the Food and Agriculture Organization indicate that in Mexico most wheat (67%) and rice (77%) is imported, whereas only 23% of maize and 8% of beans are imported [44] . This emphasizes again that maize would be a more viable vehicle for biofortification in Mexico. There may also be regional differences in the relative amounts of locally produced and commercially processed maize consumed. For example it is more likely that inhabitants of the Central and Southern regions of Mexico, where there is a larger rural population of lower socioeconomic status, do not have access to maize that is centrally processed and rely on local production; these are the populations at greatest risk for micronutrient malnutrition [22] . Indeed, in many areas maize products are made from masa (soaked, ground maize grain) that is produced at home or in small-scale operations and is thus logistically difficult to fortify. Therefore, an agriculture-based approach to improving the micronutrient quality of maize, such as biofortification, may be a worthwhile strategy.
Simulation models using dietary intake data that are representative of a target population are a useful tool in the development of appropriate designs for food-based interventions, such as biofortification or fortification [45] . However, the use of such models to date has been limited. The use of data on food and nutrient intake in the design of programs for micronutrient fortification of commercially processed staple foods has been recommended by the World Health Organization [35] . For the purpose of estimating coverage by either commercial food fortification or biofortification and hence determining the complementarity of these two intervention strategies, it would be useful in the future to classify foods in intake surveys according to whether they are commercially processed or derived from local agricultural production.
In conclusion, these results suggest that the biofortification of maize with zinc could have a measurable impact on the adequacy of zinc intake in the Mexican population and, in particular, reduce the apparently high prevalence of zinc deficiency in rural areas. On the other hand, this strategy may have to achieve much higher levels of additional iron to overcome the estimated low bioavailability of iron in the Mexican diet. Another analytical approach is needed to estimate the potential impact of iron-biofortified staple foods on the adequacy of amounts of iron absorbed. Well-designed efficacy trials on the impact of consumption of biofortified maize on zinc status are needed. Although the effects of zinc supplementation on serum zinc concentration, linear growth among stunted children, and the prevalence of diarrhea have been well demonstrated [46, 47] , the possible impact of more modest foodbased interventions on biochemical and functional outcomes associated with zinc deficiency still needs to be demonstrated.
